The roles of mutational and recombinational processes in the diversification of the exon encoding the antigen binding site in the murine major histocompatibility complex class II geneAb were assessed by phylogenetic analysis of allelic nucleotide sequences. A total of 46 alleles ofAb exon 2 from 12 Mus species or subspecies and 2 Ratus species were sequenced after amplification by the polymerase chain reaction. Reliable allelic genealogies could not be determined by phylogenetic analyses, due to extensive homoplasy in the data set. This homoplasy results from the shuffling of polymorphisms between alleles by recombinational processes, indicating that polymorphisms in the antigen binding site encoded by Ab are generated by a combination of two processes. First, the accumulation of point mutations has produced highiy divergent polymorphic sequence motifs in five regions ofAb exon 2, each encoding a portion of the binding site. Some of these motifs have persisted as polymorphisms in rodents since before the divergence of mouse and rat (>10 million years ago). The second process mediating Ab diversification involves the shuffling of these polymorphic sequence motifs into numerous allelic combinations by repeated intraexonic recombination. Site-specific hyperrecombinational mechanisms are not involved in this process within the exon. We postulate that these mechanisms continuously generate new Ab alleles with highiy divergent binding sites from which alleles with advantageous antigen-binding properties are selectively maintained by some form of balancing selection.
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The class I and class II genes of the murine major histocompatibility complex (MHC) encode receptors that bind fragments of processed antigens and present them to T lymphocytes (1) (2) (3) (4) . MHC class II genes are among the most polymorphic coding loci known in vertebrates (5) . Over 100 alleles of the MHC class II gene Ab (which encodes the f3 subunit of the murine A molecule) have been detected in natural mouse populations (6) , and many of these alleles differ in 5-15% of their nucleotides (7) (8) (9) . The molecular mechanisms responsible for the generation ofthis remarkable diversity are the subject of debate. Much of the controversy has centered on the relative contribution of mutation, recombination, and gene conversion in the generation of MHC diversity. MHC polymorphisms are retained in natural populations for extremely long periods (10) (11) (12) . As a consequence, much of the extensive allelic diversity ofMHC genes may simply reflect the accumulation of point mutations over long evolutionary periods (13) (14) (15) , although the retention of ancestral polymorphisms of MHC genes does not exclude diversification by recombinational processes (10, 16, 17) .
In the present study, we have assessed the contributions of recombination and point mutation to the diversification ofthe murine MHC class II gene Ab. If diversity is solely due to the accumulation of mutations over long evolutionary periods, consistent allele genealogies should be detected in different segments of the gene since the entire gene would accumulate mutations in a coordinate fashion. In contrast, recombination would shuffle polymorphic sequences among alleles, thus obscuring genealogies for the entire genet.
MATERIALS AND METHODS Mice. DNA was extracted from ethanol-preserved mouse tissues of wild-mouse-derived strains from F.B.'s laboratory in Montpellier (France) or fresh tissues from our wild-mousederived strains in Gainesville. The origins and characteristics of these mouse strains have been described (18, 19) .
Polymerase Chain Reaction (PCR) Sequencing. Intron sequences flanking exon 2 of Ab were used to selectively amplify a 340-base-pair (bp) fragment of genomic DNA containing the entire exon encoding the antigen binding site (273 bp). The oligonucleotide primers were CACGGCCCGC-CGCGCTCCCGC (5' primer) and CGGGCTGACCGCGTC-CGTCCGCAG (3' primer). PCR amplification was performed essentially as described (20) . The amplified products were purified by polyacrylamide gel electrophoresis, bluntend-ligated into Sma I-cut M13, and sequenced by standard dideoxynucleotide sequencing. To eliminate potential errors introduced by PCR, two or more independent clones per sequence were analyzed. Data Analysis. Nucleotide divergence and diversity were calculated from the aligned sequences with Nei and Jin's program SYNO (21) . Phylogenetic analyses were performed using distance methods, which minimize the total nucleotide divergence on the tree (22, 23) , as well as parsimony analysis, which chooses the tree requiring the fewest mutations (24, 25) . Parsimony analyses were performed with the program DNAPARS in the PHYLIP package of Felsenstein (24) , and unweighted pair group method analysis (UPGMA) and neighbor-joining analyses were performed with the program SEND of Nei and Jin (21) . RESULTS PCR Ampliflication and Sequencing of Rodent Ab Alleles. The origins and properties of the rodent strains analyzed are presented in Table 1 . Alleles were designated according to the conventions recently proposed by Klein et al. (28) . The phylogeny of the 12 Mus and 2 Rattus species in this collection has been extensively studied (29) .
A 340-bp fragment containing Ab exon 2 was amplified from genomic DNAs by using PCR primers homologous to (7);f, k, s, and u (9); nod (26); RT-I1 (11); RT-Ib (27) .
evolutionarily conserved intron sequences. These primers oratory mouse and rat strains (7-9, 11, 26, 27) to produce a amplified exon 2 from all Mus and Rattus alleles tested. A panel of 56 sequences of Ab exon 2. Analysis of these 56 total of 46 Ab alleles were amplified, cloned into M13mpl9, sequences revealed 52 different alleles (4 pairs of identical and sequenced. Representative nucleotide sequences are alleles were found in independent samples from the M. presented in Fig. 1 , and all of the sequences have been musculus complex). submitted to GenBank.
The majority of the polymorphisms in exon 2 occur in five Ab Exon 2 Is Highly Diversified. These sequences were specific regions, termed polymorphic segments ( Fig. 1 ). As combined with 10 previously published sequences from labillustrated in Fig. 2 , each of these segments encodes a specific BS1  BS2  BS3   10  20  30  40  50  60  70  80  90  100  110  120  130 GGCATTTC6GTACUGCTG TACTTCACCAACGGGACGCAGCGCATAs 66TAC6CRTATCTACAACCGGGAGGAGA^M MCGCGACGTGGGCGAGTACCGCGCGGTG Inspection of the allelic sequence variations in each polymorphic segment reveals the presence of recurrent sequence motifs. For example, in positions 22-30 in BS1, the sequence motifs CAGCCCTTC and AAGGGCGAG are each found in several alleles (Fig. 1) . Only a few (from 4 to 11) highly divergent sequence motifs are prevalent at each polymorphic segment. Representative examples of motifs in the a-helix and carboxyl-end polymorphic segments are presented in Fig. 3 .
Genealogies of Ab Exon 2 Alleles Are Not Reliable. Genealogies of the 52 Ab exon 2 alleles in our data set were constructed using both distance methods ( neighbor-joining) and parsimony methods. Fig. 4 (10) . These insertional events provide solid phylogenetic information about the evolutionary history of Ab intron 2. As illustrated in Fig. 3 , Ab exon 2 alleles with and without the double codon deletion are present in alleles with and without retroposon insertions in intron 2. Although this result might be interpreted as indicating that the double codon deletion has evolved independently in separate Ab lineages, such an event is highly unlikely. Also, such convergent evolution cannot readily explain the presence of identical silent mutations in the deleted motifs (nucleotide position 173) of different retroposon lineages.
These results indicate that intragenic recombinational events between intron 2 and exon 2 must have occurred during the evolutionary divergence of Ab, but do not establish that recombinational events have occurred within exon 2. Evidence favoring intraexonic recombination during the di- versification of exon 2 is presented in Fig. 3 . The Ab alleles were organized into two lineages according to the presence or absence of the two-codon deletion in their a-helix segment. Four distinct sequence motifs in the carboxyl-end polymorphic segment are found in alleles with either deleted or undeleted motifs in the a-helix segment. Although these blocks of polymorphic sequence could have been repeatedly generated via convergent evolution during the divergence of these Ab alleles, this explanation requires many more mutational steps than intraexonic recombination.
As illustrated in Fig. 5 , similar shufflings of the polymorphic segments have occurred throughout exon 2. Numerous combinations of the prevalent sequence motifs in each polymorphic segment were found among the Ab alleles in our data set. For example, MucrAb', MucoAbl and MusiAb9 all have sequence motif 1 of the a-helix segment but have sequence motifs 9, 3, and 5, respectively, for the carboxyl end (Fig.  SA) . Similar Fig. 4 , indicating that specific combinations of sequence motifs from all five polymorphic segments (i.e., intact exon 2 alleles) are stable over relatively short evolutionary times (<1-2 million years). These results suggest that intraexonic recombinational events are relatively infrequent and that their prevalence in the diversification of exon 2 results from their accumulation over evolutionary time spans.
Recombinational Events in Exon 2 Are Not Site-Specific. Although recombination between polymorphic segments illustrates the prevalence of such events in Ab diversification, this is not meant to imply that recombinational breakpoints only occur at specific sites in exon 2. These events occur throughout the exon. This is illustrated by the distribution of a silent mutation (A or T) at position 37 adjacent to the BS1 polymorphic segment. A and T are both present in alleles with motif 1 (C-CC-TTC) and with other motifs (Fig. 1) (11) , but not for the entire exon. The evolutionary conservation of these short sequences may reflect structural constraints imposed on Ab genes by the necessity of encoding a functional class II molecule or may represent selective maintenance due to an intrinsic ability to contribute to the binding of specific antigenic peptides.
The accumulation of recombinant alleles during the diversification of Ab suggests that MHC diversity is driven by specialized selective mechanisms. Intraexonic recombination is an efficient mechanism for the generation of new Ab alleles with highly divergent antigen binding sites. However, such recombinations would be predicted to be rare occurrences, and therefore the prevalence of recombinant Ab alleles would be surprising in the absence of some type of specialized selection. We have suggested (32, 33 ) that a special type of selection, which we term "divergent allele advantage," may be responsible for the specific maintenance of MHC alleles with highly divergent binding sites. This mode of selection, together with overdominant selection (34, 35) or possibly frequency-dependent selection (36, 37) could account for the observed patterns of Ab diversification. These studies were supported by National Institutes of Health Grants A117966, GM39578, and DK39079 (to E.K.W.). S.A.B. is supported by a National Institutes of Health training grant.
